The topology of the large-scale structure in the similarity region of a turbulent planar jet is investigated experimentally. The large-scale structure is reconstructed in physical space by projection of measured proper orthogonal decomposition eigenmodes onto instantaneous flow-field realizations. The instantaneous flow-field realizations are obtained by a spanwise aligned triple X-wire rake arrangement which is used in conjunction with the linear stochastic estimation technique. Instantaneous realizations are also acquired via a second triple rake arrangement which provides an assessment of the effect of spatial aliasing on the resulting structural topology. Results indicate that the self-similar large-scale structure in the planar jet consists of a dominant planar component consisting of two lines of large-scale spanwise vortices arranged approximately asymmetrically with respect to the jet centreline. This planar component of the structure resembles the classic Kármán vortex street. There is a strong interaction between structures on opposite sides of the jet in the form of nearly two-dimensional lateral streaming motions that extend well across the flow. In addition, results indicate that the effect of the nonplanar spanwise modes is to both tilt and bend the primary spanwise vortex tubes and thereby redistribute large-scale vorticity. The bending occurs primarily in the streamwise direction. The degree to which the spanwise vortices are distorted varies greatly; in some cases they are nearly streamwise oriented and in others only slight distortion of a spanwise vortex is noted. Based upon the experimental results, prospects for low-order modelling of the jet large-scale structure are discussed.
The topology of the large-scale structure in the similarity region of a turbulent planar jet is investigated experimentally. The large-scale structure is reconstructed in physical space by projection of measured proper orthogonal decomposition eigenmodes onto instantaneous flow-field realizations. The instantaneous flow-field realizations are obtained by a spanwise aligned triple X-wire rake arrangement which is used in conjunction with the linear stochastic estimation technique. Instantaneous realizations are also acquired via a second triple rake arrangement which provides an assessment of the effect of spatial aliasing on the resulting structural topology. Results indicate that the self-similar large-scale structure in the planar jet consists of a dominant planar component consisting of two lines of large-scale spanwise vortices arranged approximately asymmetrically with respect to the jet centreline. This planar component of the structure resembles the classic Kármán vortex street. There is a strong interaction between structures on opposite sides of the jet in the form of nearly two-dimensional lateral streaming motions that extend well across the flow. In addition, results indicate that the effect of the nonplanar spanwise modes is to both tilt and bend the primary spanwise vortex tubes and thereby redistribute large-scale vorticity. The bending occurs primarily in the streamwise direction. The degree to which the spanwise vortices are distorted varies greatly; in some cases they are nearly streamwise oriented and in others only slight distortion of a spanwise vortex is noted. Based upon the experimental results, prospects for low-order modelling of the jet large-scale structure are discussed.
Introduction
1.1. Background, motivation and objectives Previous studies of the planar turbulent jet have suggested the presence of large-scale organized motions in the similarity region. By large-scale we mean spatial scales of the order of the local jet half-width. These studies were described in Part 1 (Gordeyev & Thomas 2000) and in the review by Thomas (1991) . While they leave little doubt regarding the existence of large-scale organized motions in the similarity region of the planar turbulent jet, questions regarding the origin, topology and dynamics remain. Indeed, our current understanding of the jet's large-scale structure topology is embodied in the sketch shown in figure 13 of Mumford (1982) and in the conditioned velocity vector field shown in figure 6 of Antonia et al. (1986) . It is a primary objective of this paper to provide a more detailed description of the structural topology responsible for large-scale motions in the planar turbulent jet. This is a prerequisite to the longer-term goal of providing a low-order dynamical system-based model of these motions.
In Part 1, we applied the proper orthogonal decomposition (POD) to investigate the average large-scale structure in the similarity region of a turbulent planar jet. In recognition of the fact that there is no universally accepted definition of the term 'large-scale structure', we chose to consider a summation of the dominant POD modes (including the mean flow) as synonymous with this term. This has the advantage of representing the largest scales of motion within a mathematical framework that facilitates modelling their dynamics. Using twin cross-stream rakes of X-wire probes separated in the spanwise direction, the POD eigenfunctions and associated eigenvalues were extracted and a rapid convergence of the eigenvalues documented. When scaled appropriately, the POD eigenmodes and associated eigenvalues were found to exhibit self-similarity. This result is consistent with earlier theoretical work by Ewing (1995) which indicated that the equation for the propagation of the correlation tensor in the planar jet admits to self-similar solutions. Since the average large-scale structure may be represented as a summation of POD modes, their self-similarity represents a sufficient condition for the self-similarity of the structure itself.
In that implementation of the POD, the flow was considered stationary in time and the spanwise coordinate was treated as homogeneous. The cross-flow direction was taken as the single inhomogeneous coordinate. The resulting streamwise, lateral and spanwise component POD eigenmodes ϕ (n) α (y, St, k z ) were obtained in a mixed physical-Fourier space where y denotes the cross-stream spatial coordinate, St is a Strouhal number based on the local mean velocity half-with b(x) and the local jet centreline mean velocity U m and k z is the spanwise wavenumber. Superscript n denotes mode number and subscript α the component. The associated eigenvalue distributions in (k z , St)-space were also obtained.
Since the planar jet POD eigenfunctions presented in Part 1 are determined in a mixed physical-Fourier space, their reconstruction in the physical domain is required to more readily interpret the topology of the flow structure and to capture its dynamics. As pointed out by Lumley (1967 Lumley ( , 1970 , POD eigenfunctions are known only to within an arbitrary function of phase along homogeneous directions. The phase information required for reconstruction of the large-scale structure in physical space is obtained by projection of the POD modes back onto instantaneous realizations of the flow field.
In this paper, the POD eigenfunctions obtained experimentally in the similarity region of the turbulent planar jet, as described in Part 1, are used in conjunction with a triple X-wire rake arrangement in order to reconstruct the large-scale structure in physical space and examine its temporal behaviour. In order to perform the projection, two approaches are used. In the first, we use a version of the complementary technique developed by Bonnet et al. (1994) . As will be described in detail, this method uses linear stochastic estimation (LSE) to generate the instantaneous flowfield realizations required for POD eigenfunction projection. The application of LSE requires fewer probes to be placed in the inhomogeneous coordinate so that more can be placed in the spanwise direction. This is particularly important for examining the spanwise variation of the structure with a minimal level of spatial aliasing. A second projection method is performed in support of the first and allows for an independent determination of the planar portion of the structure. Comparison of the planar parts resulting from both projection methods provides an assessment of the effect of both spatial aliasing and the LSE interpolation on the resulting large-scale structure. Using these methods, the jet coherent structure is reconstructed in physical space and its essential topology documented. Comparisons are made with previously published interpretations regarding the planar jet structural topology and the prospects for constructing a dynamical system-based model are also addressed.
The remainder of the paper is organized as follows. In § 2, we briefly describe the flow-field facility and measurement apparatus. For completeness, the method by which the POD spatial eigenmodes were extracted and their basic character are also reviewed in § 2. The procedures by which we use the triple X-wire rake and LSE for the projection of these modes onto instantaneous realizations of the flow is the subject of § 3. The resulting turbulent planar jet large-scale structure is described in § 4. The results of the study are summarized and prospects for dynamical system modelling are discussed in § 5.
Description of the experiment
2.1. Experimental facility and instrumentation All the experiments were conducted in the planar jet flow-field facility located at the Hessert Center for Aerospace Research at the University of Notre Dame. The experimental set-up was described in detail in Part 1 and by Gordeyev (1999) . The jet is formed by a two-dimensional nozzle that has a contraction ratio of 16 : 1 and ends in a two-dimensional slot that is D = 1.27 cm in width and H = 45.7 cm in height giving an aspect ratio (height/width) of 36 : 1. The flow field is formed between two horizontal confining plates of dimension 2.5 m in the flow direction and 1.61 m in width which serve to keep the base flow two-dimensional in nature. In this paper, x will denote the streamwise spatial coordinate which is made non-dimensional by the nozzle slot width, D. The cross-stream spatial coordinate is y and is made non-dimensional by the local mean velocity half-width, b(x). The spanwise spatial coordinate extending in the direction of mean flow homogeneity is denoted by z. The origin of the z-axis is chosen in the centreplane midway between the two flow-field confining plates. The fluctuating velocity components corresponding to coordinates x, y, z are denoted by u, v, w, respectively. For the experiments reported, the nozzle exit velocity was U 0 = 35 m s −1 which corresponds to a Reynolds number (based on nozzle slot width) of Re D = 28000. The initial jet mean velocity profiles are flat (i.e. a 'top-hat' shape) with the mean velocity variation across the nascent jet shear layers closely approximated by a classic hyperbolic tangent type of profile. The jet potential core is engulfed by the widening jet shear layers by x/D ≈ 4 and self-similarity of the mean velocity profiles occurs for x/D > 10. Mean flow widening and velocity decay rates were reported in Part 1 and show good agreement with previously published values. Second-order turbulence moments (also presented in Part 1) exhibit similarity for x/D > 50. Since the focus of this work concerns the nature of large-scale motions in the similarity region, the POD measurements were performed over the streamwise interval 50 6 x/D 6 90. Although the jet facility allows measurements to be made at larger x/D, the low velocities associated with these stations give rise to larger relative uncertainties in the multi-component hot-wire measurements. This streamwise range quoted above represents an optimum in the sense of achieving both the desired self-similar jet behaviour and minimal measurement uncertainty.
Rakes of X-wire probes operated in the constant temperature mode were used to measure the fluctuating velocity in the jet. Each rake uses miniature X-wire probes fabricated by Auspex Corporation (types A55P61 or AHWX-100). Three rakes of eight X-wires each were used. The hot-wire calibration procedure is described in Part 1. The required 48-channels of constant temperature hot-wire anemometry and associated anti-alias filters were fabricated in-house. The dynamic response of the transducers was found to be flat to 50 kHz, which was more than sufficient for the needs of the experiments. The anti-alias filtered output voltages from the hot wires were simultaneously sampled and digitized by means of a 64-channel MSXB data acquisition system made by MicroStar Laboratories. This system is capable of simultaneously sampling the 48 hot-wire anemometer output voltages at rates up to 33.3 kHz with no detectable phase lag between channels. Digital data were logged to an external drive in binary format and pre-processed on a laboratory PC. The data were subsequently uploaded to a Sun SPARCstation for post-processing.
Extraction of the POD modes and associated eigenvalues
In this section, the method by which the POD spatial eigenmodes and associated eigenvalues were extracted is described briefly and some key results presented. Since this was the focus of Part 1, only those aspects considered essential for providing the relevant framework for the current work are described here.
Cross-spectral measurements involving all three fluctuating velocity components at selected x/D planes in the similarity region of the jet (50 6 x/D 6 90) were performed by means of two spanwise-separated rakes of eight X-wire probes each. Both of the rakes were at the same x/D location and were oriented in the cross-stream direction, parallel to each other. The two rakes were separated in the spanwise direction by a user selected distance z − z = ∆z. Using the two-rake system the cross-spectral matrix S αβ (y, y , f, ∆z) was computed directly from the Fourier transformation of the individual velocity-time histories (see Bendat & Piersol 1986) ,
where · denotes an ensemble average and Greek subscripts denote a fluctuating velocity component u, v or w. The velocity measurement u α (y, z, t) corresponds to the first rake and u β (y , z , t ) corresponds to the second. Note that the X-wire probes are capable of the simultaneous measurement of either (α = u, β = v) or (α = u, β = w) depending on their orientation in the flow field. The quantitŷ
u α (y, z, t) exp(−2πift)dt denotes the temporal Fourier transformation of the velocity vector for each block, T is the total time duration of the data block and the asterisk denotes a complex conjugate. A spatial Fourier transformation in the homogeneous z-direction provides a spanwise wavenumber-dependent cross-spectral matrix,
where k z is a spanwise wavenumber. The matrix Φ αβ (y, y ; f, k z ) essentially unfolds S αβ (y, y ; f, ∆z) in spanwise wavenumber space. As shown in Lumley (1970) , the spectral correlation tensor Φ αβ (y, y ; f, k z ) will be a kernel in the integral equation to find the POD modes for different frequencies f, and spanwise wavenumbers, k z ,
Here superscript n denotes mode number. The solution of (2.3) gives a complete set 
In order to reconstruct the POD modes in physical space, all components of the Φ αβ -matrix must be given. Unfortunately, the term Φ wv cannot be measured directly using the X-wire rakes. It can be obtained, however, from mass conservation requirements using a procedure described in Ukeiley & Glauser (1995) and Ukeiley et al. (2001) . A Fourier transform of the continuity equation gives,
Since the spreading rate of the jet is small, db/dx ≈ 0.1, the streamwise direction is weakly inhomogeneous and, as a first approximation, can be considered homogeneous. In addition, according to measurements by Thomas & Brehob (1986) , the structures in the self-similar region of the turbulent planar jet convect at approximately 60% of the local jet centreline mean velocity (U c ≈ 0.6U m ). We form the complex conjugate of equation (2.4), multiply by v(y , z , f) and average over multiple ensembles. After performing a spatial Fourier transform in the z-direction and applying a constant group speed hypothesis in the x-direction, 
As described at length in Part 1, by exploiting symmetries of the Φ αβ matrix and by application of a finite quadrature form of (2.3), the POD eigenfunctions ϕ (n) α (y i ; f, k z ) and associated eigenvalues λ (n) (f, k z ) were experimentally determined. Part 1 contains an extensive discussion of sampling issues related to the avoidance of spatial and temporal aliasing in this process. A more general treatment of sampling issues related to multi-point hot-wire measurements in turbulent flows is presented in Glauser & George (1992) .
With suitable scaling by global flow-field variables, the planar jet POD eigenvalues and eigenfunctions were shown to exhibit self-similar behaviour. It was also shown that the flow supports a structure which has a dominant planar component which is aligned in the spanwise direction (k z = 0) as well as an essentially three-dimensional part with asymmetrical mean shape in the y-direction. As such, both planar and non-planar POD modes will be used in this paper in order to restore and characterize the shape of the jet large-scale structure in physical space.
It was demonstrated in Part 1 that the energy content of the POD modes, as expressed through their respective eigenvalues, show rapid convergence with mode number. For example, the v-component POD mode converges particularly rapidly with 61% of the v-fluctuation energy contained in mode 1 while the first three modes capture nearly 90% of v 2 . The energy convergence of the u-and w-component modes is less rapid, but still the first four modes each contain 85% and 80% of their respective fluctuation energies. figure 1 . The result may be considered representative of those obtained at other locations in the similarity region. The eigenvalue distribution exhibits a well-defined peak at St = 0.09 and k z = 0. There is a gradual roll-off in λ
(1) with spanwise wavenumber and no significant energy content for k z b/2π > 1. Similarly, there is little energy for St > 0.3. Non-planar POD modes are also quite similar to those presented in Part 1. For k z > 0, the u-component mode is dominant. In comparison to the u-mode, the v-mode amplitude decreases much more rapidly with k z . While the v-mode amplitude decreases with k z , the w-mode increases. For the higher wavenumbers, the amplitude of the w-component is comparable with the v-component which is indicative of a three-dimensional time-averaged structure. Examination of higher POD mode numbers reveals that the v-component exhibits a particularly rapid convergence with mode number.
The POD eigenfunctions depend on Strouhal number (temporal frequency), spanwise wavenumber and lateral position in the inhomogeneous direction. Any velocity realization can be represented as a sum of these eigenfunctions,
All the phase information necessary for reconstruction of the coherent structure in the physical domain resides in the coefficients c (n) (k z , f). In order to find them, a projection of the POD modes back onto instantaneous realizations of the flow is required. In the following section, we describe the basic procedure by which the POD eigenmodes presented above are restored in the physical domain.
Reconstruction of the POD modes in physical space
In order to reconstruct the shape of the POD modes in physical space, ϕ
, an inverse transform in frequency and wavenumber domains must be performed. However, as is easily demonstrated from (2.3), each of the POD modes are known only up to an arbitrary factor of phase, say exp(iσ(f, k z )). This follows from the fact that the integration in (2.3) is performed in the y-direction with f and k z as parameters. In general, the POD modes are ambiguous in phase for all homogeneous directions, as described in Lumley (1970) . This phase information required for a local reconstruction of the flow structure can be restored by projection of the POD modes onto instantaneous flow-field realizations u α (y, z, t) obtained at selected streamwise stations, x/D, in the similarity region of the jet. One approach to doing this would be to use a technique similar to that employed by Citriniti & George (2000) in the axisymmetric shear layer. However, in the far field of the planar jet the lateral velocity component cannot be neglected and as a consequence, this method would require a very large array of multi-sensor probes in the plane x/D = const. Instead, the approach to be described in § 3.1 uses the complementary technique developed by Bonnet et al. (1994) in which linear stochastic estimation (LSE) provides the required instantaneous flow-field realizations with a much smaller number of probes. In particular, the effective interpolation provided by LSE is used to reduce the required number of X-wire probes in the inhomogeneous cross-stream direction. This allows more probes to be placed in the spanwise direction which is important since we are interested in characterizing the spanwise variation of the large-scale structure. An alternative method of projecting the POD modes is based on flow-field realizations acquired with a different rake arrangement and allows for an independent estimate of the planar part of the structure. This method is performed in support of the first and provides assessments of both the effect of LSE interpolation in the inhomogeneous coordinate and spatial aliasing of spanwise wavenumber modes on the reconstructed planar part of the large-scale structure.
We next outline both methods beginning with the LSE-based technique. The theory behind the projection method as well as some details regarding implementation are described.
3.1. POD eigenmode projection via LSE-based flow-field realizations 3.1.1. Linear stochastic estimation
The LSE method proposed by Adrian (1977 Adrian ( , 1979 estimates a flow field u(x, t) conditioned upon knowledge of the flow u ≡ u(x , t ) at some selected points in space and/or time. Adrian proposed expanding the conditional average u | u in a Taylor series about u = 0 as
where repeated subscripts are summed. If we truncate the series at the linear term, we obtain the estimate,
Here, the approximation of u(x, t) by linear stochastic estimation is denoted by u(x, t). The unknown coefficient tensor A can be determined by minimizing the mean-square error between the approximation and the conditional average,
Simple algebra leads to a set of linear algebraic equations for the estimation coeffi-
is the two-point, second-order, space-time velocity correlation. From (3.4), it follows that the linear stochastic estimation exploits the second-order correlation function between the given event data and the flow field at certain selected points. Thus, LSE offers a powerful tool for reconstructing conditionally averaged estimates based on the information from the unconditionally sampled two-point correlation tensor.
When the elements of u and u are joint normally distributed, the conditional average u | u is a linear function of u (see Papoulis 1984) . Turbulent flows are inherently nonlinear, which leads to non-normal probability distributions. Strictly speaking then, u | u is a nonlinear function of u for most flows and it would seem that at least some nonlinear terms should be kept in the expansion (3.1). In Adrian (1979) , flow structures in isotropic turbulence were investigated using LSE. The accuracy of LSE was evaluated by also including the quadratic term in (3.1). The results of LSE and second-order stochastic estimation were found to be almost identical. In Adrian et al. (1989) the validity and accuracy of LSE was investigated in detail by comparing stochastic estimates to conditional averages measured directly in several different turbulent flows. They found that LSE worked well in each of these flows. Breteton (1982) showed that the result of the stochastic estimation process is strongly dependent upon the event to which the average is conditioned. A series of tests based on one-point velocity measurements in a turbulent boundary layer demonstrated how the stochastic estimation may be refined to give more accurate descriptions of particular coherent motions. It was shown that merely increasing the order of a polynomial model of the event vector would not necessarily increase the accuracy of the stochastic estimation.
For a comprehensive review of the implementation of LSE in turbulent flows, see Adrian (1994) .
Flow-field realizations via a z-aligned triple-rake experiment using LSE
Instantaneous flow-field realizations required for projection of the POD eigenmodes were obtained via the LSE technique used in conjunction with a triple-rake of X-wire probes. Although measurements were obtained at several streamwise locations over the range 50 6 x/D 6 90, in this paper we will present only those obtained at x/D = 70 which may be considered representative. Below we describe the implementation at the x/D = 70 streamwise location. Results will be presented in § 4.
Each rake was oriented in the spanwise z-direction and contained N z = 8 equally spaced X-wire probes. The X-wire probes were oriented so as to simultaneously measure the u and v-component velocity fluctuations. A diagram of the probe rakes in the planar jet flow field is shown in figure 2. The ∆z spacing between the probes was chosen as ∆z = 0.4b = 3.8 cm. This ∆z separation corresponds to a maximum resolved spanwise wavenumber of k z max = 82. that the instantaneous flow will contain spectral content above this wavenumber so there will be spatial aliasing of higher spanwise wavenumber modes. The key question to be answered is the degree to which the resulting large-scale structural topology is affected by this aliasing of the instantaneous realizations. One straightforward way to address this issue is to perform the projection with larger ∆z probe spacing and consequently, with lower k z max . By lowering k z max , the spatial aliasing will be increased and its effect on the resulting large-scale structural topology can be noted. In effect, this becomes a sensitivity test by which the effect of aliasing on structural topology may be gauged. Later, we will describe a second projection method which is performed with k z max reduced by a factor of 2.5 from the value quoted above. It will be shown that the difference in the planar structural topology resulting from both projection methods is small. This suggests that any spanwise aliasing associated with the probe arrangement is not significant enough to alter the essential conclusions regarding the jet's large-scale topology.
The three rakes were separated in the cross-stream direction by ∆y = 5 cm and were located at y /b = −0.4, 0.15 and 0.7 in order to match the particular y-locations of three of the probes used in the twin-rake experiment reported in Part 1. Some guidance in the lateral positioning of the probes was provided by the turbulent-mixing-layer study by Bonnet et al. (1994) . This study demonstrated that two probes positioned in the cross-stream direction were sufficient for LSE to capture the instantaneous flow field faithfully. This was one basis for the choice of positioning two of the rakes in the shear layers on opposite sides of the jet and the third near the jet centreline. In order to assess the effect of the limited number of probes in the cross-stream direction, the second projection method used eight probes distributed in the y-direction, (see § 3.2). A comparison is made in § 4 of the planar portion of the jet large-scale structure obtained by both projection methods. This comparison confirms the suitability of using only three laterally spaced rakes in conjunction with LSE as the basis for POD mode projection.
The choice of three spanwise oriented rakes was based upon the need to strike a balance between capturing the cross-stream flow with sufficient fidelity (via LSE) and having sufficient resolution in the spanwise coordinate so that the basic threedimensional character of the large-scale motions could be resolved without significant distortion due to spatial aliasing.
The LSE technique was applied to reconstruct the velocity field in the y-direction based on instantaneous velocity measurements at the three y locations listed above for each z-location along the three rakes. Recalling that time and the z-direction are homogeneous coordinates, equation (3.2) can be rewritten as
(3.5)
The interpolation matrix A(y, y ) was calculated using (3.4),
The required cross-correlation matrix can be found from the spectral cross-correlation matrix S(y, y , ∆z = 0, f) (which was measured previously in Part 1) by using an inverse Fourier transformation,
Since we must restore the velocity field at a finite number of y-locations (N y = 8) the calculation of A via equation (3.5) is reduced to a matrix equation.
The procedure for reconstruction of the POD modes in physical space may be described in the following eight steps:
(i) A spatial Fourier transform in the z-direction is performed in order to computê
(iii) Using the LSE method, the velocity field is estimated at all y-locations u α (y ; k z , f) −→ u α (y; k z , f) by applying a version of (3.5), converted to the physicalFourier space, u i (y; k z , f) = y A ij (y, y ) u j (y ; k z , f). The matrix A is calculated using (3.6) and (3.7).
(iv) Using the orthogonality property of the POD modes, the POD coefficients (in Fourier space) c (n) (k z , f) can be computed by projecting the POD modes onto an instantaneous realization,
The Fourier transform of each POD mode can be restored,
(vi) An inverse temporal Fourier transform provides the POD mode in a mixed Fourier-physical space,û
(3.10) (vii) Finally, an inverse spatial Fourier transform restores the POD modes in the physical domain, (viii) The fluctuating flow field is then the sum of all POD modes,
In order to correctly compute the phase coefficients c (n) as described in step (iv) of the reconstruction procedure outlined above, the u-, v-, and w-component velocity fluctuations must be measured simultaneously. Unfortunately, the X-wire is capable of providing only simultaneous (u, v) or (u, w) velocity fluctuation time-series (depending on the X-wire orientation). As noted above, the rake X-wires were oriented in order to obtain (u, v) . For the particular case of the planar mode we have ϕ
(3.13)
Hence, the w-component is not required to restore the planar structure and the simultaneous acquisition of (u, v) time-series from the rakes is completely sufficient. This is not the case for the non-planar modes where the neglect of one of the fluctuating velocity components will result in lost phase information since c (n) = c
w . In order to gauge the size of the error associated with the neglect of the wcomponent, c w gives rise to only a small error in the reconstruction of the lowest-order non-planar modes. This is related to the dominance of the u-component for non-planar POD modes as described in Part 1.
The triple-rake arrangement was used to record the instantaneous velocity field with sampling frequency f s for N b = 100 blocks of N p = 1024 points per block. For the conditions under which the jet was operated, conventional power spectra reveal that the frequency bandwidth for the fluctuating velocity extends to approximately 5 kHz. In order to avoid temporal aliasing and to characterize the turbulence satisfactorily, this would dictate a sampling frequency for conventional turbulence measurements of at least 10 kHz. However, since the focus of this experiment is on the large-scale structure in the flow, it was shown in Part 1 that a much lower sampling frequency combined with the use of analogue anti-alias filters offers the best approach. In particular, it was found that the cross-spectral functions which form the experimental input to the POD exhibit little correlation for local non-dimensional frequencies fb/U M > 1. Consequently, the local non-dimensional sampling frequency for the experiments was set at 3.2. POD mode projection using flow-field realizations from a y-aligned triple rake Instantaneous realizations of the flow onto which the POD eigenfunctions are to be projected were also acquired with a y-aligned triple X-wire rake arrangement as shown in figure 4 . As indicated, all the rakes are at the same x/D location and are oriented in the cross-stream direction, parallel to each other. The rakes are separated in the spanwise direction by a user-selected distance, H z . As in the previous implementation, each of the three rakes contains eight X-wire probes, for a total of 48 channels of constant temperature anemometry.
Flow-field realizations from the y-aligned rake were performed in support of the primary experiment described in the previous section. The spatial aliasing of spanwise wavenumber modes is expected to be more significant for instantaneous realizations obtained with the y-aligned rake arrangement. As such, comparison of the planar part of the large-scale structure resulting from projection of the same POD modes onto both realizations allows an assessment of the effect of spanwise aliasing on the resulting large-scale structure topology. In addition, since the y-aligned rakes use more probes in the cross-stream direction, it can also provide a check on the interpolation provided by LSE.
At x/D = 70, the y separation between probes in each rake is ∆y = 4 7 b, which is the same as in the two-rake experiment reported in Part 1. This value was selected based, in part, on a series of supporting single-rake POD measurements involving 16 X-wires equally spaced across the jet. Based upon the results of the single-rake measurements, for the ∆y spacing quoted above, spatial aliasing in the y-direction would not be expected to significantly influence the u-or v-modes. The spanwise separation H z between the rakes was b, which is 2.5 times that used in the z-aligned rake experiment. The corresponding maximum resolved spanwise wavenumber is k z max b/2π = 0.5. A discussion of issues related to spatial aliasing of spanwise wavenumber modes will be presented in conjunction with the presentation of experimental results in the following sections. The sampling frequency and anti-alias filter settings were identical to those used in the z-aligned triple-rake experiment.
Experimental results
The topology of the turbulent planar jet large-scale structure as obtained from projection of the POD eigenmodes onto instantaneous realizations of the flow is presented in this section. Since the POD eigenmodes and eigenvalues in the turbulent planar jet scale in a self-similar manner, we will present only the flow-field reconstruction obtained at x/D = 70 and this may be considered representative of the other locations investigated.
It is common to use a triple decomposition of the velocity field (Hussain 1986; Cantwell 1981 ) in order to account for the presence of the large-scale flow structure,
whereŪ is the mean velocity field, u ls represents the large-scale structure and u fs is finer scale, phase incoherent turbulence. In an analogous manner we will represent the resolved flow structure in terms of a summation of the dominant POD modes (i.e. similar in concept to Lumley's 'characteristic eddy'),
Since we are interested only in the large-scale motions in the jet, we neglect u unresolved which are those motions that do not contribute to the cross-spectral tensor Φ αβ (y, y ; f, k z ) for the ∆y and ∆z probe separations used in the experiment described in Part 1. In effect, the probe spacing (particularly in the inhomogeneous coordinate y) sets the range of resolved spatial scales and therefore our definition of the term large-scale structure. The large-scale flow structure is then represented as a series consisting of the mean flowŪ (y) and N POD modes u (n) ,
Note that the mean flow is time-independent and is thus orthogonal to the POD modes. From (4.3) it follows that the mean flow can be treated as the dominant POD mode. The remaining POD modes can be viewed as perturbations of the mean flow. For instance, a first approximation of the large-scale flow structure is u struc =Ū (y) + u (1) . Based upon the rapid energy convergence of the POD eigenvalues as summarized in figure 20 of Part 1, only the first two POD modes (N = 2) were used in (4.3) to obtain the shape of the coherent structure. Further, owing to their dominance in terms of energy content, only the u-and v-component POD modes will be used to reconstruct the jet large-scale structure as described in the previous section. Another motivation for this choice was the observation in Part 1 that higher-order w-component modes probably suffer from spatial aliasing in the y-direction.
Given the geometry of the planar jet flow field and in recognition of the dominance of the planar component k z = 0 shown in the POD eigenvalue spectrum of figure 1, it seems natural to first investigate the topology of the planar portion of the large-scale structure. This is the topic of the next section. Subsequently, less energetic non-planar POD components will be added to the planar portion of the structure in order to investigate the gross three-dimensional character of the large-scale motions. In taking this approach, however, it must be kept in mind that these planar and non-planar parts are complementary aspects of the same underlying large-scale structure.
4.1. The planar part (k z = 0) of the jet large-scale structure 4.1.1. Projection based on z-aligned 3-rake measurements Previous studies (e.g. Antonia et al. 1983; Thomas & Brehob 1986 ) have shown that, in the similarity region of the planar jet, the large-scale structure travels with a convective speed in the range of U c ≈ 0.60 . . . 0.65U M which is approximately independent of y for the inner region of the flow y/b < 1. In a frame of reference moving downstream at speed U c , new variables are then defined as x → x − U c t, y → y, u → u − U c . One way to visualize the structural topology of the planar mode is to present the velocity vector field u − U c as a function of lateral position y and the pseudospatial streamwise coordinate x = −U c t. Alternatively, we may present the spatial distribution of the spanwise vorticity component ω z = 1/2(∂u/∂y − ∂v/∂x) in the (−U c t, y)-plane. The advantage of using the vorticity is its invariance in the convecting frame of reference. The drawback is the need to calculate derivatives from a velocity field known only at a limited number of points. We will use both approaches to investigate the topology of the planar jet large-scale structure.
First, we present the reconstruction of the planar component of the jet largescale structure as obtained by the method described in § 3.1.2 (i.e. based on the measurements from the z-aligned 3-rake experiment). 
α (y, t) using the LSE-based projection technique. and −3. These motions probably account for the comparably large positive values of v-component velocity cross-correlation observed in the turbulent planar jet for even very large lateral probe separations (e.g. Mumford 1982; Antonia et al. 1983 , Thomas & Brehob 1986 ; Part 1). Further, the vector field shown in figure 5 is consistent with previous studies which have noted negative correlation between streamwise velocity fluctuations measured simultaneously on opposite sides of the jet centreline. In the past, this has been referred to as the 'jet flapping phenomenon' and was first reported by Goldschmidt & Bradshaw (1973) . Figure 5 indicates that this is a manifestation of the planar portion of the large-scale structure.
Since we treat the streamwise coordinate as homogeneous, it is not possible to capture the streamwise evolution of the large-scale structures in the jet. Rather, we are restricted to the examination of local topology at the particular streamwise location of the measurement. Purely for the purpose of visualization of the flow field associated with these local structures, 'pseudostreamlines' are used in addition to velocity vector plots. Remember that the flow field is obtained locally as a function of lateral coordinate y and time t. However, time is treated as equivalent to a spatial coordinate by the assumption that the field is frozen and convected at speed U c . The resulting flow field in the (x, y)-plane is fitted with these pseudostreamlines in order to help illustrate the structural pattern that convected past the fixed location of observation. Physically, these lines correspond most closely to particle pathlines in the corresponding parallel jet flow. As before, the cross-stream and pseudospatial streamwise coordinates y and x have been non-dimensionalized by the local mean velocity half-width b. Figures 6 and 7 present two sample realizations of the velocity vector field and 'pseudostreamlines' associated with the planar component of the jet large-scale structure in the moving frame of reference obtained by superimposing the mean flow and the first two planar POD modes (i.e. by using (4.3) with N = 2 and k z = 0). The pattern shown in figures 6 and 7 is characterized by a streamwise series of centres and separatrices on both sides of the jet. This clearly indicates the presence of large-scale counter-rotating vortical structures on either side of the jet which are arranged approximately antisymmetrically with respect to the jet centreline. In fact, the structural arrangement closely resembles the classic Kármán vortex street, with the locations of the two vortex lines centred at approximately y/b ≈ ±0.85. There is a strong interaction between structures on opposite sides of the jet in the form of lateral streaming motions that extend well across the flow.
The highly organized structural pattern shown in figures 6 and 7 may seem surprising for the far field of a fully turbulent jet. In general, the presence of smallscale fluctuations makes it difficult to visually extract any information regarding the topology of the underlying large-scale organized motions in turbulent flows. Such small-scale fluctuations quickly diffuse any markers introduced into the flow and make the direct visualization of organized motions virtually impossible. Further, the large-scale structures convect downstream and the introduction of a flow marker such as smoke or dye at stationary point(s) does not necessarily reveal any organized flow pattern because of a mismatch in phase speeds. The clarity of the structural pattern shown in figures 6 and 7 comes, in part, as a consequence of the fact that POD essentially works as a spatial filter and so the obscuring effect of fine-scale turbulence is effectively removed from the large-scale motions in the jet. In addition, the numerical 'dye markers' that are used in the figures to produce the pseudostreamline patterns are introduced at precisely the correct phase speed. These factors combine to allow us to see clearly the underlying planar structural topology in the jet similarity region.
The structural pattern shown in figures 6 and 7 resembles that envisaged by Oler & Goldschmidt (1982) in their simple kinematic model of the planar jet large-scale structure. In conditional sampling experiments in a heated planar jet, Antonia et al. (1986) associated spatially coherent temperature fronts with the separatrix between adjacent structures. Although their conditional measurements were confined to a single side of the flow and were obtained at a single, fixed z location, there is a strong resemblance between certain aspects of figure 6 of their paper and the structural pattern shown in figures 6 and 7.
From an extensive set of results like those shown in figures 6 and 7 statistics related to the planar structural array may be determined. Although there is obviously significant variation in the size of the structures, the typical lateral extent is found to be approximately 1.5b while the streamwise extent is about 3.5b/U c . This gives a typical lateral to streamwise aspect ratio for the planar structure of approximately 2 5 . The times between the passage of sequential vortices in both of the lines shown in figures 6 and 7 were used to generate a return map which indicated a chaotic distribution of the vortices. Based upon a computed probability distribution function the mean non-dimensional distance between vortices was found to be U ct /b = 5. Defining a mean crossing frequency asf c ≡ 1/t, we obtainf c b/U c = 0.12.
A reconstruction of the planar part of the large-scale structure using the mean flow and only the first planar POD mode,Ū (y) + u (1) resolved (y, k z = 0, t), is presented in figure 8 . Comparison of this representation with that shown in figure 6 at corresponding locations −U c t/b reveals that, although there are small differences, the overall representation of the planar structure by only the first planar POD mode is good. This is due to the previously demonstrated rapid convergence of the planar POD modes with mode number, particularly for the v-component which plays a very important role in the large-scale structure dynamics. The comparison also suggests an insensitivity of the overall structural topology to higher-order POD modes (as well as the small degree of spatial aliasing).
POD mode projection based on y-aligned 3-rake measurements
From the y-aligned 3-rake experiment, the planar component of the large-scale structure can be extracted as well, using the technique described in § 3.1.2, with the third step skipped. In this manner, the first POD planar mode was again reconstructed in physical space and is presented in figure 9 . Comparison with figure 5 reveals virtually the same reconstructed modal topology. Small differences are found only for |y/b| > 1, where the u-component tends to be more pronounced for the projection based on the y-aligned rakes. This suggests that the LSE interpolation used to restore the velocity field in the z-aligned 3-rake experiment underestimates the u-component velocity fluctuations near the outer portions of the jet. This is a consequence of the rake placement used. In particular, in the z-aligned 3-rake experiment, the rakes were placed in the central portion of the jet. In this region, the v-correlations are maximum, as shown in figure 10 of Part 1. Maximum u-correlations are located near y/b = 0.7, as shown in figure 8 of the Part 1. Since LSE interpolation is based on the correlation matrix R(y, y ), ( § 3.1.1), it will restore the v-components more faithfully than the u-component with the rake placement used. In contrast, the y-aligned 3-rake experiment samples both the u-and v-component velocity at 8 positions in the crossstream direction. However, it is important to point out that the observed differences are small and are not significant enough to alter the essential topology of the planar large-scale structure. Figure 10 presents both the vector field and superimposed pseudostreamlines for the superposition of the mean flow and first two planar POD modes as reconstructed from the y-aligned 3-rake experiment. As expected, the characteristic topology of the planar component of the large-scale jet structure is very similar to that shown in figures 6 and 7. This further validates the quality of the LSE interpolation in y for the z-aligned rake experiment. In addition, note that the y-aligned 3-rake experiment has a spanwise wavenumber cutoff value k max z b/2π = 0.5 which is 2.5 times smaller than for the z-aligned 3-rake experiment. As such, the spatial aliasing of spanwise wavenumber modes is expected to be much more significant for the y-aligned rake experiment. Despite this, the first POD mode is practically the same 
α (y, t) from the y-aligned rake experiment.
for both experiments. This demonstrates that the aliasing of spanwise wavenumber modes is actually small and the degree of contamination of the leading POD modes does not appear to be topologically significant.
A comparison of instantaneous flow reconstructions from both experiments
A quantitative assessment of the ability of the POD to capture the instantaneous dynamics of the planar mode can be made by comparing velocity-time histories at selected cross-stream locations y/b as obtained directly and via the eigenmode projection. In this section, we do this for experiments involving both the y-and z-aligned rakes. Recall that the u α (y, k z = 0, t) time series will exhibit small-scale fluctuations that we would not expect the truncated series of the first two planar POD modes to capture. These motions result from the fairly coarse wavenumber resolution of the three-rake arrangement which will fail to reject fully the lowest spanwise wavenumber modes. Thus, a fair procedure would be to compare u P OD (y, k z = 0, t) and v P OD (y, k z = 0, t) based on the two planar POD modes with a suitably temporally (y, t) with the first N = 2 POD modes from the y-aligned rake experiment.
filtered version of the u α,direct (y, k z = 0, t) time series obtained directly from the jet. The motivation lies in the recognition that the cross-spectral tensor that forms the experimental input to the POD shows no significant correlation for frequencies fb/U m > 0.5. Hence, it is not reasonable to assume that the planar large-scale structure represented by the POD will involve such high-frequency motions. Recall that the sampling frequency f s for this experiment was performed at f s b/U m = 8.
(a) y-aligned 3-rake experiment Comparisons of the streamwise and cross-stream velocity component u P OD (y, k z = 0, t) and v P OD (y, k z = 0, t) time series associated with the two planar POD modes extracted from the y-aligned 3-rake experiment and that temporally filtered with cutoff at f cut b/U m = 0.5 are shown in figures 11 and 12, respectively. The heavier curve is the local u-or v-component velocity-time history resulting from the sum of the first two planar POD modes. The lighter curve is a spatially and temporally filtered direct measurement. These figures also show the unfiltered u-and v-component time series at y/b = 0.7 in order to give some idea of the time scales not captured by our implementation of the POD. The overall agreement between the POD generated and direct time series is observed to be good. When we consider that these measurements are performed in the similarity region of a fully turbulent jet, the ability of just two planar modes to capture much of the instantaneous large-scale variation of u α,direct (y, k z = 0, t) is impressive. One way to quantify the difference in each case is to consider the normalized r.m.s. difference shown in figures 11 and 12 is most certainly due to non-planar, but low-wavenumber, modes. In other words, the time series that purports to indicate the planar mode is probably contaminated to some degree by low-wavenumber non planar modes. The second source of error involves the potential mismatch between the instantaneous local flow structure in the jet and the time-averaged structural template (which is the POD eigenmodes). It must be remembered that the POD eigenmodes represent an optimum time-averaged flow structure. Although this structural template is most suitable on average, there can be instances when the local flow structure poorly matches the template and deviations become more significant. (b) z-aligned 3-rake experiment A similar comparison can be made for the z-aligned 3-rake experiment at the three y-locations y/b = −0.37, 0.16 and 0.7 with the filtered instantaneous field at the same points. The results are shown at figures 13 and 14 for the u-and vcomponents, respectively. The notation is similar to that used in figures 11 and 12. While the POD v-component is still reconstructed fairly well, the reconstruction of the u-components is not as good as before. The difference comes from the fact that the POD reconstruction uses the integral information regarding the velocity field to compute the phase coefficients. As was shown before, the LSE interpolation underestimates the u-component near the edges of the jet and therefore does not predict the u-component correctly. Nevertheless, the LSE procedure still does a good job of recovering most of the essential features, such as the characteristic large-scale v-sweeps of the first POD mode in physical space which turn out to be very significant topologically.
4.2. Three-dimensional aspects of the jet structure In this section, we focus attention on a flow reconstruction that includes several of the dominant non-planar POD modes by using the z-aligned rake experiment. This allows the reconstruction of the gross instantaneous three-dimensional topology of the large-scale structure in the jet. The z-aligned rake experiment provides the opportunity to extract a non-planar component of the POD mode u As noted earlier, because of the inability of the X-wire probe to measure all three velocity components simultaneously, the flow-field reconstruction was made based on the (u, v) time series only. While this presents no problems for the planar mode, where w (n) (y, k z = 0, t) ≡ 0, in general, this will give the wrong phase coefficient for a non-planar mode, since c (n) = c
w . However, based on comparison of the relative sizes of c
v and c (n) w (as described in § 3.1.2), we find that the neglect of c (n) w will actually give rise to only a small error in the reconstruction of the non-planar mode. Since we are interested in only the most basic aspects of the jet large-scale structure topology, this small error would hardly alter its principal shape.
By including the non-planar mode, the velocity field corresponding to the large-scale structure is now a function of the three coordinates (y, z, t). We first investigate the flow structure by looking at cross-cuts in the four planes z/b = 0.2, 0.6 and 1, 1.4. In figure 15 , the velocity vector field and two-dimensional pseudostreamlines associated with the (u, v)-components are plotted for each plane. For clarity, only every fourth point in the temporal direction is plotted for the velocity vector plots. In addition, the regions of highest spanwise vorticity |ω z | = | figure 15 reveal an overall similarity which suggests the dominance of the planar part of the structure. On closer inspection, however, some important differences begin to emerge that result from inclusion of the non-planar POD modes. First, the positions of certain vortical structures appear shifted in the different (z/b)-planes. A particular example is labelled S1 which shows a distinct 'streamwise' shift with changes in z. Other structures (e.g. S2) occur at virtually the same location. This suggests that some of the large-scale spanwise rollers are tilted with respect to the z-axis whereas others are not. Another difference is the apparent strengthening or weakening of the z-directed vorticity associated with certain structures with changes in z. An example is labelled S3. This is also consistent with the tilting or bending of structures which will serve redistribute z-directed largescale vorticity. Hence, figure 15 suggests that while the planar component of the jet large-scale structure is dominant, the non-planar modes give rise to its span- wise perturbation in the form of bending or tilting. Note also from figure 15 that we can see a strong correlation between the large-scale structures and the regions of highest vorticity concentration. Thus, the spatial distribution of ω z can provide additional information regarding the spanwise variation of the large-scale structure. In order to further investigate the structural topology, the three-dimensional distribution of the z-component of the large-scale structure vorticity ω z = 1 2 (∂u/∂y − ∂v/∂x) > 0.3U M /b is presented in figure 16 . In particular, figure 16 presents isosurfaces of the z-vorticity component. The regions of highest vorticity are clearly associated with large spanwise roller vortices which bend and tilt by varying degrees in mainly the streamwise direction. The degree of bending varies greatly. In some cases it is slight and in others the structure is strongly bent in the streamwise direction which leads to significant streamwise vorticity. In viewing these structures, it must be remembered that the POD works essentially as a spatial filter and so the small-scale vorticity is effectively removed from the large-scale motions in the jet. fixed spanwise location). Based on the results presented above, we expect that such measurements will be influenced by both the planar flow structure and a weighted sum of aliased non-planar modes. In an attempt to gauge the effect of the nonplanar modes on the resulting flow structure, a flow-field reconstruction procedure was performed using POD modes resulting from a single rake of 16 X-wire probes spaced across the jet. Details regarding the single-rake experiment are presented in Part 1. Note that in this implementation the resulting eigenfunctions ϕ (n) α (y; f) and eigenvalues λ (n) (f) no longer explicitly depend on spanwise wavenumber k z . In a manner analogous to that described previously, these eigenfunctions were projected onto instantaneous flow-field realizations acquired by the single rake. Figure 17 presents both the velocity vector field and 'pseudostreamlines' resulting from the superposition of the mean flow and the first three POD modes as obtained at x/D = 70. As before, the cross-stream and pseudo-spatial streamwise coordinates y and x have been non-dimensionalized by the local mean velocity half-width b. Comparison of the flow pattern shown in figure 17 with the planar mode of figure 10 reveals the strong influence of the aliased non-planar modes when measurements are confined to a single z = const plane. In particular, gone is the fairly orderly sequence of centres bounded by separatrices that characterized the planar mode topology. Although figure 17 does suggest the presence of large-scale vortical structures on both sides of the jet, there are now several foci present where streamlines appear and disappear. In addition, the overall flow pattern is considerably less organized than that exhibited by the planar mode which is a manifestation of the aliasing of non-planar spanwise modes. This comparison demonstrates the importance of using the spatial filtering provided by the multi-rake arrangements used for the experiments reported above, even in so-called 'planar' turbulent flow fields.
5. Discussion 5.1. Basic aspects of the planar turbulent jet structural topology The experiments show that the dominant large-scale structure in the planar turbulent jet consists of two lines of spanwise vortices centred near y/b ≈ ±0.85 and arranged approximately asymmetrically with respect to the jet centreline. This planar component of the structure resembles the classic Kármán vortex street and there is a strong interaction between structures on opposite sides of the jet. In particular, the first planar POD mode exhibits strong lateral streaming motions that extend well across the flow. These will certainly be significant in transport and they also give rise to the high v-component cross-correlation coefficients reported by other investigators for even large lateral probe separations. In addition, the first planar POD mode shows that streamwise fluctuations measured simultaneously on both sides of the jet will be correlated negatively on average, thus giving rise to the so-called 'jet flapping' reported in many previous studies. The typical lateral extent of the structures is found to be approximately 1.5b while the streamwise extent is 3.5b/U c so that the lateral to streamwise aspect ratio for the planar structure is 2 5
. Comparison of the reconstruction of the large-scale structure using only the mean flow and the first POD mode (as shown in figure 8 ) with the reconstruction using two POD modes (figure 6) reveals that the principal topology of the large-scale structure remains essentially unchanged. This is due to the importance of the v-component POD mode and its very rapid energy convergence with mode number. In addition, there is also good agreement between the planar topology resulting from both the z-and y-aligned rake experiments which indicates that the aliasing of spanwise wavenumber modes is not sufficient to alter the essential topology of the structures significantly. That is, the overall topology of the planar part of the large-scale structure is robust and is not altered in an essential way by the spatial aliasing of spanwise wavenumber modes. In contrast, however, it was shown that the large-scale structures resulting from a single-rake implementation of the POD are distorted considerably by spanwise aliasing. This calls into question results from any experiment in 'planar' turbulent flows whose measurements are confined to a single cross-span plane.
As demonstrated in Part 1, the large-scale structure that is described in this paper obeys the requirements for global flow similarity. Thus, the results presented at x/D = 70 may be considered representative of other streamwise locations investigated. The self-similarity of the structures as well as comparisons with eigenmodes resulting from stability analysis of the base flow presented in Part 1 suggests that they may result from a local instability mechanism of the flow.
In addition to the dominant planar component, the z-aligned three-rake experiment was performed in order to examine the gross three-dimensional character of the flow structure. In particular, it allowed the resolution of three non-planar modes. The results show that the effect of the non-planar mode is to both tilt and bend the spanwise vortex tubes. The bending occurs primarily in the streamwise direction. The degree to which the spanwise vortices are distorted varies. Some vortices are nearly streamwise oriented whereas for others only slight distortion of a primary spanwise vortex is noted.
Although effects of only three non-planar modes were examined, in reality a continuous spectrum of non-planar modes k z b/2π < 1 will distort the spanwise vortices. It is expected that the result will be similar in overall topology to that presented in this paper, but will involve finer-scale convolutions of the z-aligned primary vortex tube.
5.2.
On the prospects for modelling the turbulent jet structure The rapid energy convergence of the POD modes and the dominance of the first planar component over the non-planar components suggest the possibility of building a realistic low-dimensional model of the planar jet based on the interaction of large-
